We have previously identified the long non-coding RNA LINC01021 as a direct p53 target (Hünten et al. Mol Cell Proteomics. 2015; 14:2609-2629). Here, we show that LINC01021 is up-regulated in colorectal cancer (CRC) cell lines upon various p53-activating treatments. The LINC01021 promoter and the p53 binding site lie within a MER61C LTR, which originated from insertion of endogenous retrovirus 1 (ERV1) sequences. Deletion of this MER61C element by a CRISPR/Cas9 approach, as well as siRNA-mediated knockdown of LINC01021 RNA significantly enhanced the sensitivity of the CRC cell line HCT116 towards the chemotherapeutic drugs doxorubicin and 5-FU, suggesting that LINC01021 is an integral part of the p53-mediated response to DNA damage. Inactivation of LINC01021 and also its ectopic expression did not affect p53 protein expression and transcriptional activity, implying that LINC01021 does not feedback to p53. Furthermore, in CRC patient samples LINC01021 expression positively correlated with a wild-type p53-associated gene expression signature. LINC01021 expression was increased in primary colorectal tumors and displayed a bimodal distribution that was particularly pronounced in the mesenchymal CMS4 consensus molecular subtype of CRCs. CMS4 tumors with low LINC01021 expression were associated with poor patient survival. Our results suggest that the genomic redistribution of ERV1-derived p53 response elements and generation of novel p53-inducible lncRNA-encoding genes was selected for during primate evolution as integral part of the cellular response to various forms of genotoxic stress.
INTRODUCTION
The p53 transcription factor is encoded by a tumor suppressor gene, which represents the most commonly mutated gene in human cancer [1] . In addition, many of the cancers without p53 mutation harbor alterations up-or down-stream of p53, which also impede the ability of p53 to suppress tumors. P53 and its loss may represent attractive targets for tumor therapy [2] . Most p53 mutations target the DNA binding properties of p53, suggesting that the regulation of specific target genes is central for the tumor suppression mediated by p53. The transcriptional activity of p53 is induced by various forms of cellular stress, such as DNA damage or aberrant oncogene activation [3] . P53 directly activates a large set of genes, which mediate numerous cellular functions involved in tumor suppression, such as cell cycle arrest, apoptosis, senescence, and DNA repair [3] . Apart from protein-coding genes, non-coding RNAs are transcriptional targets of p53. MicroRNAs (miRNAs) have been extensively characterized as important mediators for down-regulation of mRNA and protein expression caused by p53, thereby inhibiting pro-tumorigenic processes, such as proliferation, stemness, and epithelial-mesenchymal transition (EMT) [4] . More recently, long non-coding RNAs (lncRNAs) have emerged as downstream effectors of tumor suppression by p53 (reviewed in [5, 6] ).
LncRNAs have been defined by a length of >200 nucleotides which distinguishes them from small noncoding RNAs, such as miRNAs. Recent analyses indicate that the human genome encodes for approximately 32.000 lncRNAs, which therefore represent a large class of transcripts, comparable in number to protein-coding mRNAs [7] . However, the function and biological relevance of the large majority of these transcripts is not well understood. Moreover, compared to miRNAs their functions appear to be more diverse, ranging from regulation of chromatin structure, sequestration of microRNAs as so-called competitive endogenous RNAs (ceRNAs) to regulation of mRNA stability, processing or translation, and the modulation of protein-protein interactions [7] [8] [9] [10] . Growing evidence points to a role of the deregulation of certain lncRNAs in the etiology of a number of diseases, among them cancer.
Several genome-wide studies in murine and human cells have identified numerous lncRNAs that are direct p53 target genes [11] [12] [13] [14] [15] [16] , and a growing number of these lncRNAs have important roles in the p53 transcriptional network as both positive and negative regulators of p53 function (reviewed in [5, 6] ). For example, lincRNA-p21 is driven from a bidirectional promoter also regulating the CDKN1A gene (encoding the p21 protein) and is involved both in transcriptional and post-transcriptional repression of specific genes via association with the hnRNPK protein and the RNA-binding protein HuR [13, 17] . More recently, the DINO (DNA damage induced noncoding) lncRNA, which is also located upstream of the CDKN1A gene and activated in a p53 dependent manner, was shown to regulate expression of p53 target genes by binding and stabilization of the p53 protein [18] . Conversely, NEAT1/AP000944.1 has been characterized as a direct p53 target that attenuates p53 activation by modulating ATR signaling in response to DNA damage [19] .
Transposable elements (TEs) are a major source for regulatory sequences in the vertebrate genome [20, 21] , and transcription of a substantial fraction of lncRNAs is induced by TEs [22, 23] . Moreover, exonic sequences of lncRNAs often are derived from TE sequence insertions into the genome, and some of these lncRNAs are specifically activated in various types of cancer [22, 24, 25] . Evolutionarily, p53 has been implicated in the control of mobile elements such as retrotransposons [26] , and p53 has been shown to bind to repetetive elements [27] and mediate their epigenetic silencing [28] . Counterintuitively, at least some subfamilies of TE long terminal repeats (LTRs) have been reported to harbor functional p53 response elements involved in transcriptional activation. The MER61C and LTR10D LTRs, which are derived from endogenous retrovirus 1 (ERV1) sequences, that invaded the primate lineage 40-63 million years ago, display strong enrichment for predicted p53 binding sites [29] . About 53% of all MER61C elements (157/294) in the human genome harbor a predicted p53 binding site, and a small number of these elements has been characterized as enhancers/promoters required for p53-dependent activation of adjacent genes [29] . Interestingly, phylogenetic analyses of MER61C elements showed that the p53 binding sites were already present upon genomic integration, suggesting the introduction of substantial numbers of novel p53 response elements into the genome during primate evolution via this route. However, the functional significance of these ERV1-derived p53 binding sites and their impact on p53-regulated cellular processes and underlying transcriptional programs have remained largely unexplored.
We previously determined the genome-wide DNA binding pattern of p53 by a ChIP-Seq analysis and detected differential lncRNA expression after activation of a conditional p53 allele using RNA-Seq in SW480 CRC cells [30] . Thereby, we identified several lncRNAs as novel, direct p53 target genes. Among them LINC01021 (also designated LOC643401 or RP11-46C20.1) was one of the lncRNAs most strongly activated by p53.
Here, we show that p53-dependent transcription of LINC01021 is driven by a MER61C LTR, which represents a remnant of an ERV1 integration event. Furthermore, the LINC01021 genomic locus harbors additional remnants of ERV1 DNA within its exonic and intronic sequences, as well as additional repetitive DNA elements. Ablation of LINC01021 transcription in p53-proficient colorectal cancer cells by CRISPR/Cas9-mediated deletion of the MER61C LTR results in hypersensitivity towards chemotherapeutic treatments. Our results suggest that LINC01021 contributes to cellular survival in response to genotoxic stress by suppressing apoptosis.
RESULTS

LINC01021 is a direct p53 target regulated by an ERV1-derived LTR and its expression is highly dependent on p53 in CRC cell lines
We previously determined the genome-wide DNA binding pattern of p53 by a ChIP-Seq analysis and detected differential lncRNA expression after activation of a conditional p53 allele using RNA-Seq in SW480 CRC cells [30] . Several studies have shown that many p53-bound genomic regions represent repetitive DNA elements [27, 28, 31] . ERV1-derived LTRs of several MER61 and LTR10 subfamilies are highly enriched for potential p53 binding sites, and some of them function as bona fide p53 response elements driving the expression of adjacent protein-coding genes [29] . Here we found that 231 of 981 high-confidence (FDR q-value < 0.05) p53
ChIP-Seq peaks identified in SW480 cells are localized within LTRs of MER61 and LTR10 subfamilies ( Figure  1A) . Furthermore, MEME analysis [32] identified the p53 consensus binding sequence within the DNA sequences associated with these p53-bound LTRs ( Figure 1B ). Next, we analyzed which of the p53-bound ERV1-derived LTRs are located in the vicinity (+/-5 kbp) of the transcription start sites (TSSs) of the p53-induced lncRNAs we had previously identified. Indeed, the TSSs of two lncRNAs that were strongly up-regulated upon induction of p53 in the SW480 cell line, RP3-326I13.1 and LINC01021, were located in close proximity to an ERV1-derived MER61C LTR ( Figure 1C) . Analysis of the LINC01021 genomic locus using the Repeatmasker software and the Dfam database [33] for the presence of repetitive DNA elements confirmed that the proximal promoter region bound by p53 is composed of a MER61C element ( Figure  2A) . Moreover, the entire 5´-region of the LINC01021 genomic locus is composed of DNA sequences derived from both LTR and internal regions of the MER61 subfamily of ERV1 (Figure 2A ). The ENSEMBL genome annotation for ENSG00000250337/LINC01021 includes six alternatively spliced transcripts and the exons 1-3 of isoforms 1-5 are located within remnants of ERV1-derived DNA (Figure 2A ), indicating that a substantial portion of the LINC01021 genomic locus is derived from the integration of repetitive DNA elements which confer either p53 responsiveness and/or contribute to LINC01021 exon sequences.
In order to determine whether the MER61C sequence localized upstream of the LINC01021 TSS is sufficient to mediate p53-dependent activation of LINC01021 transcription, we inserted a 412 bp fragment ( Figure 2B ) including the p53 response element into a reporter plasmid upstream of a luciferase open reading frame. Dual reporter luciferase assays showed that this reporter fragment is indeed able to mediate induction of luciferase expression upon co-expression of ectopic p53 ( Figure 2C ). Moreover, mutations at several nucleotide positions within the p53 binding site largely abolished depicting p53 binding events ranked by read number in a 4 kbp window up-and down-stream of high-confidence p53 ChIP-Seq peaks identified with MACS2 peak calling after ectopic expression of p53 or vector control in SW480 cells [30] . P53-bound regions were filtered for regions intersecting with genomic locations of the indicated ERV1-derived LTR sequences. Genomic coordinates for 1839 LTR sequences were obtained from the UCSC genome browser. The resulting heatmap visualization depicts p53 binding ranked by read number in a 4 kbp window up-and downstream of the LTR center. (B) Genomic DNA sequences associated with p53-bound LTRs (n=231) were subjected to MEME analysis. The resulting p53 DNA binding motif and statistical significance (E-value) are indicated. (C) Scatter plot representation of RNA-Seq data obtained and adapted from our NGS analysis previously published in Hünten et al. [30] showing differential lncRNA expression after induction of p53 in SW480 cells. [19, 48, 56, 57] . the inducibility by p53. Therefore, the MER61C LTR sequence upstream of the LINC01021 TSS is sufficient for mediating p53-responsiveness.
Intriguingly, the promoter of RP3-326I.13/ PINCR, which we previously identified as a direct p53 target gene [30] , also contains a MER61C LTR with high sequence similarity to the element described here for the LINC01021 promoter (Supplementary Figure  1) . In order to compare ERV1 LTR-driven expression of lncRNAs LINC01021 and RP3-326I13.1/PINCR to that of other p53-inducible lncRNA-encoding genes (depicted in Figure 1C ) that do not contain ERV1-derived promoter elements, we determined their expression after activation of p53. First, we validated induction of selected lncRNAs in SW480 cells after activation of a conditional p53 allele ( Figure 3A) . Next, we subjected the CRC cell line HCT116 harboring wild-type p53 (HCT116 p53+/+) and p53-deficient HCT116 cells (HCT116 p53-/-) to treatment with the MDM2 inhibitor Nutlin-3 or the chemotherapeutic agents etoposide, doxorubicin (DOXO) and 5-fluorouracil (5-FU; Figure 3B -3E). Whereas expression of some of the selected lncRNAs did not increase significantly upon treatment or showed only modest increases, LINC01021 displayed consistent and strong up-regulation in a p53-dependent manner after all treatments. Furthermore, basal LINC01021 expression was significantly reduced in p53-deficient derivatives of the p53-proficient HCT116, RKO and SW48 CRC cell lines ( Figure 3F ). sorting of GFP-positive cells and expansion of single cell clones, we obtained two clones with deletions in the LINC01021 promoter ( Figure 4A , Supplementary Figure 2 ). As controls, we generated single-cell clones from HCT116 cells transfected with pSp-Cas9 plasmid harboring no sgRNAs ( Figure 4A ). Whereas KO clone #24 carries a deletion that extends beyond the promoter region and also includes the annotated transcription start site (TSS), as well as a significant portion of exon 1, KO clone #35 harbors a deletion that leaves the LINC01021 
(n=3). (D)
The subcellular localization of LINC01021 splice variants was determined in HCT116 cells by qPCR analyses after fractionation of cytoplasmic and nuclear RNA as described [51] . NEAT1_1 and pri-miR-34a were used as positive controls for nuclear RNAs, GAPDH was used as a positive control for cytoplasmic RNA localization. www.impactjournals.com/oncotarget TSS intact ( Figure 4A, Supplementary Figure 2) . The five different wild-type HCT116 single-cell clones obtained here displayed LINC01021 induction upon p53 activation with Nutlin-3, whereas induction of LINC01021 was completely abolished in both KO clones. Induction of the proto-typic p53 target gene CDKN1A/p21 was not obviously affected by loss of LINC01021 induction ( Figure 4B ). Moreover, qPCR-analysis of individual LINC01021 isoforms showed that basal expression levels as well as p53-mediated induction of all tested LINC01021 transcript variants was severely reduced in both KO clones compared to parental HCT116 cells. Therefore, the p53 response element is necessary for mediating basal LINC01021 expression ( Figure 4C ).
Many lncRNAs predominantly localize to the nucleus and are associated with chromatin [34, 35] . Indeed, subcellular fractionation of HCT116 p53+/+ cells followed by qPCR analysis of cytoplasmic and nuclear RNA fractions showed that all LINC01021 transcript variants predominantly localize to the nucleus ( Figure  4D ), strongly suggesting a nuclear function for these lncRNAs.
Loss of LINC01021 causes hypersensitivity to chemotherapeutic treatments
Next, we analyzed whether loss of the p53-inducible LINC01021 affects the cellular response to chemotherapeutics, and treated LINC01021 KO and wt clones, as well as the parental HCT116 p53+/+ cell line and its isogenic HCT116 p53-/-derivative with 5-FU and determined cell cycle distribution by DNA-content determination using FACS analyses. Interestingly, both LINC01021 KO clones displayed higher proportions of apoptotic sub-G 1 phase cells compared to wt clones and parental HCT116 cells after exposure to 5-FU ( Figure 5A ). Therefore, loss of LINC01021 renders cells more sensitive to 5-FU-induced apoptosis.
In order to determine the role of LINC01021 by an alternative approach, we down-regulated LINC01021 expression in HCT116 cells using siRNA pools consisting of 30 individual siRNAs that target all LINC01021 splice variants. Basal LINC01021 expression in untreated HCT116 cells was slightly affected by transfection with LINC01021-specific siRNAs and was significantly reduced upon activation of p53 by either 5-FU or Nutlin-3 in combination with siRNA transfection (Supplementary Figure 3A, 3B) . Knockdown of LINC01021 did not affect expression of CDKN1A/p21, again indicating that p53 function was not affected by downregulation of LINC01021 (Supplementary Figure 3A, 3B) . Furthermore, expression of all LINC01021 isoforms was significantly reduced by siRNA transfection to a similar extent upon p53 activation by Nutlin-3 (Supplementary Figure 3C) .
Treatment of HCT116 cells with 5-FU after knockdown of LINC01021 led to increased apoptosis compared to treatment with 5-FU and control siRNAs as determined by Annexin-V staining ( Figure 5B) . Furthermore, knockdown of LINC01021 in HCT116 cells resulted in decreased proliferation after addition of two different concentrations of 5-FU as determined by realtime impedance measurement and subsequent cell counting ( Figure 5C ). In untreated cells LINC01021 knockdown led to a minor decrease in cell proliferation, albeit without statistical significance ( Figure 5C ). Next, we analyzed whether loss of LINC01021 also increases sensitivity to other chemotherapeutic agents. Therefore, we treated HCT116 LINC01021KO and HCT116 LINC01021wt clones with doxorubicin (DOXO) for 40 hours. Again, loss of LINC01021 expression consistently led to an increase in Annexin-V/PI double-positive cells indicative of cells that had undergone apoptosis ( Figure 6A, Supplementary  Figure 4) . Furthermore, colony formation assays with LINC01021 wt and KO clones showed that cell viability was reduced upon treatment with DOXO for 2 to 10 hours followed by further cultivation for two days ( Figure  6B ). Furthermore, cellular impedance measurements showed that the sensitivity of LINC01021 KO clones to doxorubicin was enhanced when compared to wt clones ( Figure 6C ). Taken together, these results indicate that loss of LINC01021 RNA sensitizes cells to various chemotherapeutic treatments by rendering them more susceptible to apoptosis and/or permanent arrest. We did not detect effects of LINC01021 deletion on p53 protein expression or induction of p21, which represents a marker for p53 transcriptional activity, after treatment with 5-FU ( Figure 7A ) or doxorubicin ( Figure 7B ). Therefore, LINC01021 presumably does not act via modulating p53, as it was reported for other p53-induced lncRNAs, such as LINC-ROR [36] .
Since loss or downregulation of LINC01021 resulted in diminished cell survival and increased apoptosis of HCT116 cells after chemotherapeutic treatment, we asked whether ectopic expression of LINC01021 would suppress apoptosis under these conditions. Therefore, we introduced expression constructs encoding two LINC01021 transcript variants (isoforms #2 and #4, respectively, see Figure  2A ) into the p53-proficient RKO and SW48 CRC cell lines, as well as their isogenic p53 knockout derivatives, that, in contrast to HCT116 cells, are suitable host cell lines for the episomal pRTR vector [37] and allow tight regulation of LINC01021 expression by doxycycline. Ectopic expression of LINC01021 isoforms #2 and #4 in the p53-proficient SW48 CRC cell line did not result in altered p53 activation, nor altered induction of p21 upon treatment with 5-FU ( Figure 7C ). Ectopic expression of LINC01021 did not significantly affect cell cycle distribution or apoptosis in RKO and SW48 cell lines treated with DOXO for 24 hours (Supplementary Figure  5A , 5B). Also induction of ectopic LINC01021 itself did not result in obvious changes in cell cycle distribution. www.impactjournals.com/oncotarget
The predominantly nuclear localization of all LINC01021 isoforms (see Figure 4D) 
been reported for several other p53-induced lncRNAs (see introduction). We and others previously have shown that activation of p53 causes a mesenchymalepithelial-transition (MET) in CRC cell lines, at least in part, by transcriptional activation of the miR-34 and miR-200 microRNA families and subsequent repression of EMT-inducing transcription factors, such as SNAIL and ZEB1 [38] [39] [40] [41] . Therefore, we analyzed if loss of LINC01021 affects p53-induced MET. However, we did not detect consistent differences in expression of epithelial and mesenchymal marker genes, such as E-Cadherin (CDH1) or Vimentin (VIM) between LINC01021 wt and KO clones after treatment of cells with Nutlin-3 for 72 hours (Supplementary Figure 6A) . Furthermore, ectopic expression of LINC01021 alone or in combination with 5-FU treatment did not induce expression changes of epithelial or mesenchymal marker genes (data not shown).
Next, we analyzed whether gene repression after activation of p53 is affected by either loss or ectopic expression of LINC01021. Genes harboring E2F binding sites within their promoters, many of which are cell cycle regulatory genes involved in G 2 /M transition, are coordinately repressed upon activation of p53 by the p53-p21-DREAM-CDE/CHR pathway [42] . As some p53-induced lncRNAs, such as linc-p21 and PINT have been implicated in gene repression by p53 [13, 43] , we analyzed whether LINC01021 affects repression of E2F target genes via the p53-p21-DREAM axis or by an independent mechanism. qPCR analyses after treatment with DOXO for 24 hours showed that repression of some E2F/DREAM target genes, such as CIT, was enhanced to a minor degree after loss of LINC01021 (Supplementary Figure 6B) . However, this effect did not consistently reach statistical significance. In addition, the repression of three other E2F/DREAM target genes (MCM7, CDK2, CKS2) was not affected significantly by loss of LINC01021 (Supplementary Figure 6B) . Also the ectopic expression of the LINC01021 isoform #4 in RKO p53+/+ cells did not significantly alter expression of E2F/ DREAM target genes either alone or in combination with 5-FU treatment (data not shown). 
LINC01021 expression is associated with p53 status in human CRC patient samples
Since LINC01021 expression was strongly associated with p53 status in CRC cell lines, we determined whether LINC01021 expression is associated with a distinct p53 status in CRC samples from patients. Therefore, we analyzed lncRNA expression data of colorectal tumor samples from 134 patients represented in the TCGA colorectal adenocarcinoma (COAD) patient cohort previously published by Yan et al. [44] , and combined them with publically available TCGA COAD RNA-Seq data for protein-coding genes. Gene Set Enrichment Analyses (GSEA) showed a positive correlation between LINC01021 and a set of direct p53 targets previously described by us [30] , as well as the p53 Hallmark gene signature from the Molecular Signatures Database (MSigDB, [45, 46] ), indicating that LINC01021 expression is associated with p53 transcriptional activity in colorectal cancer ( Figure 8A ). Furthermore, GSEA showed a negative association between LINC01021 expression in CRC samples and genes involved in processes known to be repressed by p53, such as G 2 /M transition, E2F/DREAM complex target genes [42] , as well as genes involved in epithelial-mesenchymal transition [4] (Supplementary Figure 7) .
Notably, LINC01021 was co-expressed with a cluster of 10 direct p53 target genes that included wellstudied p53 targets, such as CDKN1A (encoding p21), MDM2, BAX and SFN/14-3-3σ ( Figure 8B ). Since the information on LINC01021 expression was not available for the large majority of patient samples with known p53 mutational status, we used the averaged expression values of this 10-gene signature as a surrogate for LINC01021 expression and determined whether the averaged expression of these 10 genes correlates with the p53 status of primary CRC samples represented within the TCGA COAD cohort (n=153). Thereby, we found that tumors with wild-type p53 display significantly higher expression levels of the 10-gene signature and therefore presumably also have elevated LINC01021 expression when compared to tumors with mutant p53 ( Figure 8C) .
Next, we analyzed whether LINC01021 expression in CRC samples associates with clinical parameters. Expression of LINC01021 was significantly higher in tumor samples compared to normal mucosa ( Figure 8D ). Moreover, in tumor samples, LINC01021 expression displayed a striking bimodal distribution, which was particularly pronounced in the mesenchymal CMS4 consensus molecular subtype [47] (Figure 8D, 8E) . As previously reported [47] , patients with tumors classified as CMS4 have a significantly poorer overall survival compared to patients with CMS subtype 1-3 tumors (data not shown). When we stratified CMS4 tumors into LINC01021 high or LINC01021 low CMS4 tumors, we found that patients with LINC01021 low CMS4 tumors had a significantly shorter overall survival than patients with CMS subtype 1-3, whereas patients with LINC01021 high CMS4 tumors did not have a significantly decreased survival compared to patients with CMS1-3 tumors ( Figure 8F ). Therefore, quantification of LINC01021 expression may be relevant for the prognostication of patients with CMS4 tumors.
DISCUSSION
We previously reported that the lncRNA LINC01021 represents a direct p53 target gene [30] . Here, we show that LINC01021 is consistently up-regulated in a p53-dependent manner in CRC cell lines upon treatment with p53-activating agents used for chemotherapy of CRC and other types of tumors. In addition, basal LINC01021 expression was dependent on the presence of wild-type p53 in CRC cell lines. Moreover, LINC01021 expression is associated with a p53-dependent gene expression signature in CRC patient samples, further supporting the notion that LINC01021 expression in CRC is dependent on the presence of wildtype p53. Using a CRISPR/Cas9 approach, we could show that deletions of promoter sequences eliminating the p53 binding site severely reduced both basal and p53-induced LINC01021 expression in wild-type p53 CRC cells. Furthermore, point mutations in the p53 binding site abrogated p53 responsiveness in luciferase reporter assays, implying that we identified the p53 binding motif for p53-dependent LINC01021 expression. The deleted LINC01021 promoter region harboring the p53 binding site is derived from a primate-specific repetitive DNA element belonging to the MER61C LTR subfamily of endogenous retrovirus 1 (ERV1). Furthermore, the RP3-326I13/PINCR lncRNA we had previously identified as a direct p53 target gene [30] and which recently has been reported to have a pro-survival function within the p53 network via regulation of a subset of p53 target genes involved in cell cycle arrest [48] , contains a similar ERV1-derived MER61C LTR promoter element. These findings are in line with a bioinformatics analysis showing that ERV1 elements are enriched for putative p53 binding sites [29] .
Notably, CRISPR/Cas9-and siRNA-mediated inactivation of LINC01021 significantly enhanced sensitivity towards several different chemotherapeutic treatments. While this manuscript was in preparation, others reported that LINC01021 (designated as PURPL) may act as a negative feedback regulator of basal p53 levels via HuR/MYBBP1A-mediated posttranslational regulation of p53 stability [49] . Here, we did not detect any effect of LINC01021 inactivation or of its ectopic expression on basal and DNA damage-induced activity of p53 or p53 expression levels. The reasons for these discrepancies are currently unclear and may be resolved by further analyses. Nevertheless, both studies detected a markedly increased sensitivity of LINC01021-deficient CRC cells to DNA damaging agents used for chemotherapy in the clinics. We suggest that LINC01021 acts as a downstream mediator of p53 function, without affecting p53 activity directly. LINC01021 is presumably involved in integrating cellular repair and survival mechanisms that are activated after DNA damage occurs. The redistribution of ERV1-derived p53 response elements and the generation of novel lncRNA genes during primate evolution thus may have been co-opted as integral part of the cellular response to various forms of genotoxic stress. Given the substantial number of ERV1 LTRs with potentially functional p53 binding sites in the human genome, it will be interesting to determine if additional genes were rendered p53-responsive during evolution by insertion of ERV1 LTRs and how they contribute to p53-mediated tumor suppression.
As decreased levels of LINC01021 enhance the response to chemotherapeutics quantification of LINC01021 expression may have prognostic value. LINC01021 expression was increased in CRC patient samples from the TCGA patient cohort compared to noncancerous tissue, yet highly variable and displayed a striking bimodal pattern that was particularly pronounced in the CMS4 subgroup. Interestingly, CMS4 tumors with low LINC01021 expression were associated with poor patient survival. While the separation into LINC01021 high and LINC01021 low tumors may be attributable to p53 status, with low LINC01021 levels reflecting mutational inactivation of p53, additional signaling pathways and mechanisms, for example epigenetic regulation or chromosomal aberrations may also influence LINC01021 expression and thereby affect sensitivity to chemotherapeutic treatments. Further analyses are therefore warranted to illuminate the mechanisms of LINC01021 function and regulation.
MATERIALS AND METHODS
Cell culture
The colorectal cancer cell lines HCT116, SW48 and RKO (all p53+/+ or p53-/-, respectively) were obtained from Bert Vogelstein (Johns Hopkins Medical School, Baltimore). SW48 was cultured in DMEM medium with 10% FCS (Invitrogen), penicillin/streptomycin (10 units/ ml), 5% CO 2 . HCT116 and RKO cells were cultured in McCoy´s medium with 10% FCS (Invitrogen), penicillin/ streptomycin (10 units/ml), 5% CO 2 . Cells were treated 
RNA isolation and qPCR analysis
Total RNA was prepared with the High Pure RNA Isolation Kit (Roche) according to the manufacturer´s protocol. cDNA was generated from 1 μg of total RNA per sample using anchored oligo(dT) primers (Verso cDNA Kit, Thermo Scientific). qPCR was performed by using the LightCycler 480 (Roche) and the Fast SYBR Green Master Mix (Applied Biosystems). Oligonucleotides used for qPCR are listed in Supplementary Table 1 .
Knockdown of LINC01021
For knock-down of LINC01021, siRNA pools consisting of 30 individual siRNAs (siPOOLS) that target all LINC01021 splice variants were obtained from siTools (Martinsried, Germany). For RNA isolation after knockdown, HCT116 cells were seeded at 3x10 5 cells per 6-well and transfected with 40 nM final siPOOL concentration. 24 hours after transfection, medium was supplemented with Nutlin-3 or 5-FU. RNA was harvested after 24 hours.
CRISPR/Cas9-mediated inactivation of LINC01021
We designed two guide RNAs indicated in Supplementary Table 2 using the CRISPR design tool at tools.genome-engineering.org and cloned each of them via two complementary DNA oligonucleotides into the BbsI sites of pSp-Cas9-GFP to generate single-guide (sg) RNA expression plasmids, as described previously [50] . HCT116 cells were then transfected with 2.5 μg of each pSp-Cas9-sgRNA-GFP plasmid, or mock transfected with "empty" pSp-Cas9-GFP. 48 hours post transfection, GFP-positive cells were sorted into 96-wells using a FACSARIA cell sorter (BD Biosystems) and expanded as single-cell clones for two weeks. Mock transfected cells were treated in a similar manner to obtain LINC01021 wild-type single-cell clones. Genomic DNA of individual clones was screened by PCR for appropriate deletions using primers indicated in Supplementary Table 3 . PCR products were sequenced to verify the deletion of the p53 binding site. Clones with appropriate deletions within the LINC01021 promoter were subsequently analyzed by qPCR to verify the loss of LINC01021 expression. 
Quantification of apoptosis by
Subcellular fractionation
Subcellular fractionation into cytoplasmic and nuclear extracts was carried out as described previously [51] . Briefly, pelleted cells were lysed in hypotonic lysis buffer (10 mM Tris (pH 7.5), 10 mM NaCl, 3 mM MgCl 2 , 0.3% (vol/vol) NP-40 and 10% (vol/vol) glycerol) for 30 min on ice. An aliquot of the supernatant fraction was kept and the remaining nuclear pellet was washed three times with hypotonic lysis buffer. Subsequently, RNA of the supernatant fraction and the nuclear pellet fraction was isolated with the High Pure RNA Isolation Kit (Roche).
Real-time impedance measurement
Determinations of cellular impedance as a measure of cell proliferation were performed with the Xcelligence system (Roche) as described previously [52] . HCT116 cells were seeded at 1x10 4 cells per well of the E-plate, and treated with DMSO or doxorubicin after 24 hours. For impedance measurements after LINC01021 knockdown, HCT116 cells were transfected with siPOOLs (40 nM final concentration) and seeded at 1x10 4 cells per well of the E-plate. 24 hours after transfection, medium was supplemented with 5-FU at the indicated concentrations, or DMSO. To validate the results of the impedance measurement, the cells were simultaneously seeded in triplicates into 96-wells and the number of living cells was counted using trypan blue exclusion 48 hours after addition of 5-FU at the indicated concentrations, or DMSO.
Luciferase reporter assay
A 412 bp fragment of the LINC01021 promoter harboring the p53 binding site was PCR-amplified from genomic DNA of human diploid fibroblasts, ligated into the pBV-Luc vector and verified by sequencing. Mutagenesis of the p53 binding site was carried out with the QuickChange mutagenesis kit according to manufacturer´s instructions. Oligonucleotides used for cloning and mutagenesis are listed in Supplementary  Table 3 . Luciferase assays were performed 48 hours after transfection using the Dual Luciferase Reporter assay system (Promega) according to the manufacturer´s protocol. Fluorescence intensities were measured with an Orion II luminometer (Berthold) in a 96-well format and analyzed with the SIMPLICITY software package (DLR).
Western blot analysis
Cells were lysed in RIPA lysis buffer (50 mM Tris/ HCl, pH 8.0, 250 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulfate, complete mini protease inhibitor tablets (Roche)). Lysates were sonicated and centrifuged at 16,060 g for 15 min at 4°C. 20 μg of whole cell lysate per lane were separated using 10% SDSacrylamide gels and transferred on Immobilon PVDF membranes (Millipore). Antibodies used were specific for p53 (DO-1), p21 (BD Pharmingen) and β-actin (Sigma, A2066).
Colony formation assays
Cells were seeded at 2x10 5 cells per 6-well. After 24 hours, doxorubicin was added for the indicated periods. Cells were washed once with HBSS, new medium was added and cells were allowed to recover for two days before fixation and crystal violet staining Cloning and conditional expression of LINC01021 isoforms LINC01021 splice variants were PCR amplified using oligo-dT-primed cDNAs from SW480 cells after conditional expression of p53 [30] using primers listed in Supplementary Table 3 and cloned into episomal pRTR vectors described previously [37, 40] . All plasmids were verified by sequencing. Polyclonal cell pools of SW48 p53+/+ and RKO p53+/+ cells, as well as their isogenic p53 KO derivatives, for conditional expression were generated by transfection of pRTR vectors using Fugene6 (Roche) and selection in 2 μg/ml puromycin (Sigma) for 10 days. 
Cell cycle analysis by propidium iodide (PI) staining
HCT116
LINC01021wt clones were seeded in 12-well format. 5-FU [20 μg/ml] was added after 48 hours for 24 hours. For PI staining of SW48 or RKO cells ectopically expressing LINC01021, doxycycline (DOX) was added 12 hours after seeding. After 32 hours (pre-treatment), doxorubicin (DOXO) was added for the indicated time periods. Both the supernatant and attached cell fractions were collected and combined after trypsination. Cells were washed once in HBSS and fixed in ice-cold ethanol (70%) overnight at -20°C. Fixed cells were washed with PBS and resuspended in PI staining solution. Cell cycle distribution of the cells was measured using an Accuri TM C6 flow cytometry instrument (BD Biosciences) and analyzed with the CFlow® software.
In silico analysis of human colorectal cancer samples
RNA expression data from colorectal adenocarcinoma (COAD) patient samples were obtained from the TCGA data portal at https://cancergenome. nih.gov/. RNA-Seq by Expectation-Maximization (RSEM) normalized expression values from the Illumina RNASeqV2 (genes) datasets were used. LncRNA www.impactjournals.com/oncotarget expression data from the TCGA COAD cohort were previously published in [44] and kindly provided by Lin Zhang (Center for Research on Reproduction & Women's Health, Perelman School of Medicine, University of Pennsylvania). 134 TCGA COAD samples with detectable LINC01021 expression were included in the analyses. Association of TCGA patient samples with the different CMS categories was obtained from the Colorectal Cancer Subtyping Consortium (CRCSC) at www.synapse.org. Information on p53 mutation status of patient samples of the TCGA COAD cohort was obtained from http:// www.cbioportal.org/. Gene Set Enrichment Analysis (GSEA) was performed using the GSEA software [45] . Hallmark gene sets for GSEA were obtained from the Molecular Signatures Database (Broad Institute) [46] . The hierarchically clustered heatmap of expression correlations was generated with GENE-E (Broad Institute).
Bioinformatics analyses of NGS data
ChIP-Seq and RNA-Seq data obtained after ectopic expression of p53 in SW480 cells and previously published [30] were re-analyzed by mapping to the hg38 human genome assembly with the CLC Genomics Workbench software (QIAGEN) using default settings. The generated BAM files were further analyzed using the software packages implemented on the Galaxy bioinformatics server at usegalaxy.org. ChIP-Seq peak calling was performed with the MACS2 algorithm [53, 54] using default settings. Generation of heatmaps depicting p53 binding events in selected genomic regions was performed using the Deeptools software packages [55] implemented at Galaxy. DNA binding motif analysis was performed using MEME [32] . Locations of repetitive DNA elements at the LINC01021 and RP3-326I.13 genomic loci were identified using the Repeatmasker software (http:// www.repeatmasker.org/) and the Dfam database [33] .
Statistical analysis
A Student´s t-test (unpaired, two-tailed) was used to determine significant differences between two groups of samples (applied for qPCR, cell cycle and cell counting analyses, luciferase reporter assays and for differential gene expression analyses using TCGA). For correlation analyses, a Pearson´s correlation was applied. P-values < 0.05 were considered as significant ( * : p < 0.05; ** : p < 0.01; ***
